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CAPILLARY TUBING 

Technical, field of the invention 

The present invention relates to a method and an 
arrangement for generating x-ray or EUV radiation from 
laser produced plasmas. The invention also relates to use 
5 of capillary tubing in such method and arrangement. 

Technical background 

X-ray and EUV sources based on emission from a laser 
produced plasma in a target jet are becoming increasingly 

10 important since they provide a high-density regenerative 
target in combination with negligible debris operation. 
To this date, commercially available glass nozzles have 
primarily been used to produce the target jet, resulting 
in limited flexibility in the choice of jet dimensions, 

15 speed and jet material. 

X-ray and EUV sources of the above-mentioned kind 
feature high flux and brightness, allow long-term 
operation without interruption and emit narrow bandwidth 
radiation appropriate for zone-plate optics. Furthermore 

20 spectrally tailored emission for a specific application 
can be produced by selecting a target material with 
proper elemental contents. 

Methods for generating x-ray or EUV radiation via 
laser produced plasma emission are known in the prior 

25 art. For example, US-A-6 0 02 744 discloses a method 

wherein a target is generated in a chamber and at least 
one pulsed laser beam is focused on the target in the 
chamber to produce the radiating plasma. 

Until now, these target jets have been produced 

30 using commercially available tapered glass nozzles. 

Unfortunately these nozzles have a fixed diameter and the 
range of usable target materials is limited since several 
interesting target materials have shown to dissolve some 
parts of the nozzle. 
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Other problems are associated with the prior art 
technology regarding the way the target material is 
supplied to the jet-forming nozzle. 

For cryogenic applications, wherein a material that 
5 is gaseous at room temperature and atmospheric pressure 
is cooled to liquid state, the cooling of the target 
material must be done within the chamber in which the 
plasma is to be produced. 

Furthermore, when an organic material such as e.g. 
10 alcohols are employed, there is a tendency of pollution 
of the passageways in the supply system for the target 
material. The reason is that many carbon based materials 
may dissolve parts of the equipment or seals used, such 
that the target material contains fragments or substances 
15 that may then clog the jet-forming nozzle. This problem 
is accentuated by the numerous joints in the supply 
system for the target material. Many inorganic materials, 
which may have aggressive properties, can lead to similar 
problems . 

20 In addition, rather large volumes of target material 

must be handled and pressurized- Some target materials 
used are expensive, and for this reason alone the volume 
that has to be handled should be kept at a minimum. 
Furthermore, the target material must be kept at a 

2 5 desired pressure and temperature, which of course is 

rendered more difficult if dealing with large volumes. 

Consequently, there is a need for improved methods 
and arrangements for generating x-ray or EUV radiation 
via plasma emission. 

3 0 

Summary of the invention 

It is an object of the present invention to solve 
the above-mentioned problems by providing an improved 
method and arrangement for generating x-ray or EUV 
3 5 radiation. 

According to the invention, this object is achieved 
by a method or an arrangement according to the appended 
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claims, wherein target material is fed to a jet -forming 
orifice via a capillary tubing of considerable length 
having an integrated orifice. 

In one aspect, the present invention provides a 
5 method of generating x-ray or EUV radiation as claimed in 
claim 1 . 

In another aspect, the present invention provides an 
arrangement for generating x-ray or EUV radiation as 
claimed in claim 6 . 
10 In yet another aspect, the present invention 

provides the use of a flexible capillary tubing having an 
integral orifice at an output end thereof, for supplying 
target material from a source of target material to an 
interaction chamber, in order to form therein a jet of 
15 target material for interaction with an energy beam to 

generate x-ray or EUV radiation. Preferably, the flexible 
tubing used has a length no less than 10 cm. In some 
embodiments, it is preferred that the tubing used is made 
of fused silica. 
20 According to the invention, a means for transporting 

target material (liquid or gas) from a target material 
container to an interaction chamber, and a jet-forming 
orifice are integrated into a single structural 
component. Preferably, the orifice is comprised of a 
25 taper of an end portion of the flexible capillary tubing 
(the means for transporting target material) . 

By employing a flexible capillary tubing of 
considerable length (typically longer than about 10 cm) 
for supplying target material to a jet -forming orifice 
30 inside an interaction chamber, wherein said orifice is an 
integral part of the capillary tubing, one or more of the 
following advantages are obtained: 

- Transition from atmospheric pressure to decreased 
pressure, or vacuum, inside the interaction chamber 
35 is drastically facilitated, since only a capillary 

tubing of small diameter needs to pass into the 
interaction chamber. 
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- The container for target material can be 
conveniently positioned remote from the interaction 
chamber . 

- The number of joints in the supply system for target 
5 material is reduced, thereby reducing problems 

related to pollution/clogging of the supply system. 

- Only a very small volume of target material is 
present within the interaction chamber, actually 
eliminating the need for target material reservoirs 

10 inside the interaction chamber, thus reducing the 

required volume of the interaction chamber and 
facilitating, for example, maintaining a low 
pressure or vacuum in the interaction chamber. 

- Gaseous target material can easily be condensed by 
15 cooling during its propagation through the capillary 

tubing in order to exit through the orifice in 
liquid state, while at the same time cooling of the 
target material in general is simplified, 
effectively allowing online cooling ( "on-the-f ly" ) . 
20 - Well known techniques and materials from, for 

example, the field of capillary electrophoresis can 
be utilized in a method and arrangement for 
generation of x-ray or EUV radiation. 

- Orifices of a desired diameter can easily be formed 

2 5 at the end of the capillary tubing and integrated 

therewith by means of standard micropipette-pulling 
machines . 

Standard components used in the prior art for 
connecting nozzles or other parts are eliminated. In 

3 0 particular, components that deteriorate and tend to 

become brittle or ever shatter in cryogenic 
application (i.e. at low temperatures) , such as o- 
rings and adhesives, are eliminated. 

- Furthermore, the pressure range is improved and the 
35 fabrication of the integrated nozzle has sufficient 

control of nozzle size and geometry. Thus, it is 
possible to operate at higher target velocities and 



WO 2004/010745 



PCT/SE2003/001225 



at larger diameters than in the prior art, making it 
possible to extend the applicability of the liquid- 
jet mode also to high-surface tension liquids. In 
effect, higher target velocities lead to the drop 
5 formation point for the target being moved further 

away from the nozzle. 

Hence, a flexible tubing for feeding target material 
between a reservoir and an interaction chamber is 

10 provided, wherein a jet-forming orifice is integrated 

with the capillary tubing. In addition to the advantages 
mentioned above, the flexible tubing with an orifice that 
is integral therewith leads to shorter manufacturing 
times for the tubing and orifice compared to prior art 

15 nozzles that are glued to a transport tube, and gives 

lower variable costs by allowing reuse of some parts of 
the system (e.g. filters). 

In one preferred embodiment of the method according 
to the invention, target material is urged into an input 

2 0 end of the capillary tubing in gaseous state, and 

condensed within said tubing in order to exit the same at 
an output end in liquid state into the interaction 
chamber . 

In preferred embodiments of the invention, the 

2 5 capillary tubing is made from a material that is inert to 

the target material, preferably fused silica. 

Brief description of the drawings 

In the following detailed description of preferred 

3 0 embodiments of the invention, reference is made to the 

accompanying drawings, on which: 

Figure 1 shows an end portion of a flexible 
capillary tubing for use in connection with the present 
invention, 

3 5 Figure 2 shows an end portion of a flexible 

capillary, on which an orifice in the form of a taper has 
been formed, 
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Figure 3 shows a setup for generating x-ray or EUV 
radiation, wherein target material is fed to the 
interaction chamber, and the target jet is formed in 
accordance with the present invention, and 

Figure 4 is a graph showing the x-ray f lux over time 
in a test setup according to the invention. 



Detailed description of preferred embodiments 

10 

Fabrication 

By way of introduction, the preferred procedure for 
preparing a capillary orifice will be described in some 
detail below. 

15 The starting-point of the orifice fabrication is a 

synthetic fused silica capillary tubing 10, an end 
portion of which is schematically shown in figure 1, 
which has a length of approximately 50 cm and which is 
coated with a polyimide coating 12 . The inner diameter ID 

2 0 of the tubing is about 100 Jim and the outer diameter OD 

of the tubing is about 3 75 pm. The coating thickness CT 
is typically about 20 /im. This type of capillary tubing 
is normally used in elect rophoresic measurements and has 
been found to be sufficiently clean for use in connection. 
25 with target forming in x-ray or EUV sources. One example 
of suitable fused silica capillary tubing is the tubing 
with product descriptor TSP100375, which is commercially 
available from Polymicro Technologies, Phoenix, Arizona, 
US. 

3 0 The capillary tubing is connected to a metal inline 

filter (0.5 jluti) by means of standard HPLC ("High 
Performance Liquid Chromatography") and CE ("Capillary 
Electrophoresis") components (not shown) . These 
components are preferably made of polyetheretherketon 
35 (PEEK) , which is a material that is compatible with most 
common solvents, except for some strong acids like 
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concentrated nitric and sulphuric acid. However, 
components made of stainless steel can also be used. 

General reference will now be made to figure 2 , in 
which an end portion of a capillary tubing 2 0 with an 
5 integrated orifice in the form of a taper 24 is 
schematically shown. 

Approximately two centimeters of the polyimide 
coating 12 is removed by placing the capillary tubing 
inside a glowing wire furnace for several seconds. 
10 Subsequently, the capillary tubing is mounted in a laser- 
based micropipette-pulling machine. The region without 
the polyimide coating is mounted in the laser focus and 
the capillary is pulled to a taper. 

The geometry of the taper 2 4 can be varied by 
15 adjusting the pulling parameters. The taper angle a is 
not critical for the forming of a stable liquid jet as 
long as it lies between 15 and 90 degrees. A taper angle 
of 20 degrees is chosen in this case, since a slow taper 
allows better control of the orifice diameter during the 

2 0 polishing process. 

After the pulling process is completed, the taper 24 
is polished down from the end to achieve the required 
inner diameter of the orifice end opening. The taper 24 
is polished with diamond lapping film (with a grain size 
25 of 0.5 |im) rotating at 200 rpm. The polishing paper is 

wetted by flushing the orifice at a pressure of 50 bars. 
During the polishing process, the orifice is demounted 
several times to measure the jet diameter under a 
microscope until the required jet diameter is achieved 

3 0 within ±2 |im. 

Experiments 

The stability of the jet is determined by measuring 
the x-ray flux from a laser-produced plasma. In the 
35 present experiment, laser plasma is generated when 65 mJ, 
X=532 nm, 3 ns pulses from a 100 Hz Nd : YAG laser are 
focused onto a target consisting of a liquid ethanol jet 
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with a diameter of 2 2 [im. The liquid jet is formed by 
urging ethanol through the orifice at a pressure of 100 
bars. At this pressure, the jet speed is approximately 
80 m/s. the background pressure is 10" 3 mbar. The setup is 
5 schematically shown in figure 3 . A similar basic setup is 
also used in an actual source for x-ray or EUV radiation 
in which the present invention is employed. 

A laser 32 emits a laser beam 35 which is to 
interact with the target jet 34 inside the interaction 

10 chamber 36. A target material container 38 provides 
target material that is fed through the flexible 
capillary tubing 30 into the interaction chamber 36. 
Typically, the laser beam 35 enters the interaction 
chamber via a window 33 and is directed thereto by one or 

15 more mirrors 37. Inside the interaction chamber, the 

laser beam 35 is focused by a lens 3 9 onto the target jet 
34. 

For many target materials, cooling has to be applied, 
in order for the target material to condense to liquid 

20 form. Such cooling is accomplished by leading the 

flexible capillary tixbing through, an optional cooling 
device 31 (indicated in the figure by broken lines) . In 
the shown example, trie cooling device 31 is located 
outside the interaction chamber 36. However, it is to be , 

25 understood that the cooling device could also be located 
within the interaction chamber. In either case, cooling 
of target material is drastically simplified in the 
present invention by providing the possibility of online 
cooling, i.e. cooling of target material during its 

30 propagation through trie capillary tubing 30. 

During one hour approximately every second the x-ray 
flux average over 10 0 pulses is measured. The x-ray flux 
is measured with a filtered x-ray diode. The result is 
plotted in figure 4 . 



35 
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Examples 

In the following, some preferred implementations 
utilizing a capillary tubing according to the present 
invention will be described. Again, general reference is 
5 made to figure 3 of the accompanying drawings. 

A first example of an arrangement in which a 
capillary tubing 3 0 is employed for supplying target 
material from a reservoir 3 8 of target material to a jet- 
forming orifice (not shown) in the interaction chamber 36 

10 is based upon the advantage of online cooling. According 
to the present invention, the container (or reservoir) 38 
for target material is located outside the interaction 
chamber 36. In this particular example, the target 
material is nitrogen, which is to form a jet of target 

15 material in liquid state upon exit from the jet-forming 
orifice. The capillary tubing 30 is connected at one end 
to the target material reservoir 38. At the other end of 
the capillary, an orifice is formed in the manner 
described above. The capillary 30 has a length of about 

20 50 cm and passes through, between the reservoir 38 and 

the interaction chamber 36, a vessel 31 containing liquid 
nitrogen. Other types of cooling means surrounding the 
capillary tubing are also possible. The cooling section 
31 is schematically shown in the figure as a box 

25 indicated by broken lines. Gaseous nitrogen is urged into 
the capillary at the first end, and on its way through 
the capillary, the nitrogen is condensed by the cooling 
effect of the liquid nitrogen surrounding part of the 
capillary. Consequently, nitrogen is ejected through the 

30 orifice in liquid state, thus forming a liquid target jet 
inside the interaction chamber 36. Directing a laser beam 
3 5 onto the target jet thus forms a plasma radiating the 
desired electromagnetic radiation. 

A second example is based on the advantage of the 
35 possibility to position the target material container 

remote from the interaction chamber, and on the possible 
reduction in interaction chamber volume. In prior art 
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apparatus for generating x-ray or EUV radiation from a 
plasma produced by exposing a target jet to an energy 
beam within an interaction chamber, the reservoir for the 
target material has been located inside a vacuum chamber. 
5 By using a flexible capillary tubing according to the 
present invention having an orifice that is integral 
therewith, the target material container can be freely 
positioned at a suitable place outside the interaction 
chamber. By virtue of the flexibility of the tubing, and 

10 its small dimensions, a passage for the target material 
into the interaction chamber can easily be achieved. 
Furthermore, the smaller dimension of the inventive 
device, compared to arrangements according to the prior 
art, facilitates online cooling of the target material. 

15 In this way, the interaction chamber can have a smaller 
volume than what has been possible in the prior art . The 
smaller volume of the interaction chamber makes both 
vacuum pumping and cooling (when applicable) much more 
convenient. Cooling of the target material can be 

2 0 performed both outside and inside the interaction 
chamber. For materials that have a condensation 
temperature close to room temperature, it can be 
preferred to have the cooling performed outside the 
interaction chamber, while for materials that have a 

2 5 condensation temperature far below room temperature the 
cooling is preferably performed within the interaction 
chamber . 

In addition to liquid nitrogen, other target 
materials are also conceivable, such as Xe, Ar, as well 

30 as other substances that are or can be made liquid. For 
some applications, carbon compounds and solutions are 
desired, such as alcohols. Another preferred target 
material is ammonia. 

In a further development of the present invention, a 

35 capillary having a plurality of holes is employed in 

order to form a plurality of parallel target jets in the 
interaction chamber. Alternatively, a number of 
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capillaries with integrated orifices can be bunched 
together into a single entity, which terminates in the 
interaction chamber. For example, a multi-hole capillary 
similar to a so-called holey fiber can advantageously be 
5 used. In a multi-hole capillary, a single tubing 
comprises a plurality of longitudinal holes, each 
providing a target jet in the interaction chamber. When 
an end portion of the single tubing is pulled to a taper, 
each of the said holes is provided with an orifice 

10 integral with the tubing. The motive for using this kind 
of tubing is that more target material can be supplied to 
a confined region of the interaction chamber without 
substantially increasing the risk of turbulence occurring 
in the target jet. Turbulence is more likely to occur 

15 when using an orifice of larger diameter. 

Conclusion 

The combined orifice and transport means (tubing) 
obtained by the above fabrication method has distinct 

20 advantages compared to commercially available nozzles. 

Secondly, the orifice fabrication method gives sufficient 
control of the orifice size and geometry, which allows 
the jet diameter to be selected with an accuracy of 2 jam. 
Thirdly, this orifice design can be relatively easily 

25 adapted for cryogenic use by online cooling of the fused 
silica capillary. Finally, the orifice design allows a 
simple feed through into a vacuum system by combining 
HPLC and CE components with commercially available liquid 
feed through components . 

30 It will be obvious to persons skilled in the art 

that other embodiments than those shown and described, as 
well as various modifications thereof, are possible 
within the scope of the invention as defined in the 
appendeid claims . 



35 



